Legume leaves used as green manure are a potential alternative to the use of commercial N fertilizers for nonlegume crop production. Thus it is important to understand the rate of legume leaf decomposition and its release of nutrients. This paper reports the results of a litter bag experiment using fresh Gliricidia sepium leaves under field conditions. The leaves were confined in litterbags (5.3 mm mesh) and buried 10 cm in the soil. Dry matter, C, N, P, K, Ca, and Mg remaining after decomposition was determined at 0, 5, 10, 20, 30, 40, 50, 60 and 70 days. A rapid initial phase followed by a much slower one was identified in the decay and nutrient release patterns. The duration of the former ranged from 21 to nearly 30 days for dry matter and nutrients. Potassium and Ca were the most rapidly released nutrients, with the early phase lasting 28 and 6 days respectively. Nitrogen and P showed similar patterns of release and initial phase duration (21 and 22 days). Their rate constants were also 10 and 8 times that of their respective slow phases. C:N and C:P ratios increased initially and then decreased in the subsequent phase of decomposition. Magnesium also gave an identical pattern and rate of release as N in the early phase. No influence of rainfall was observed on the parameters studied.
Introduction
The potential of nutrient-rich leguminous green manures in sustaining soil and crop productivity on the highly weathered soils of the humid and subhumid tropics is widely acknowledged (Azam, 1990; Kang et al., 1981; Wade & Sanchez, 1983) . They are known to enhance nutrient uptake and improve soil physicochemical and biological properties. Decaying organic materials could also be important in ameliorating heavy metal toxicities, mainly Al and Mn prevalent in strongly weathered acid soils, through complexation reactions by the organic acids, and other byproducts released in the process (Hargrove & Thomas, 1981; Hue et al., 1986) . Furthermore, the Ca and Mg also released are widely believed to reduce Al saturation on the exchange complex (Wade & Sanchez, 1983) . These benefits are in addition to directly providing plant available nutrients through mineralization (Kang et al., 1981; Webster & Wilson, 1980) . However, the pattern of nutrient release and their ultimate availability is very much dependent on the kinetics of the decomposition process. This is in turn governed by environmental factors (temperature, moisture, soil texture and mineralogy), as well as the rate and method of application. The time of application and the inherent quality of the substrates also have a pronounced influence on the process (Anderson et al., 1983; Berendse et al., 1987; Sanchez et al., 1989; Swift et al., 1979; Tian et al., 1992a, b) .
Generally, decomposition is thought to proceed through an initial rapid leaching phase followed by a slow stage in which soil fauna activity becomes predominant. For plant materials, decay occurs through initial fragmentation by soil macrofauna (earthworm, millipedes, termites, etc) with further transformations being accomplished by microbial activity via enzyme production (Anderson et al., 1983; Stevenson, 1986; Tian et al., 1995) . Each stage basically involves the partial conversion of C to CO 2 and the synthesis of microbial tissue (Stevenson, 1986) . In addition, the constituents of organic residues have been established to decompose at different rates. For instance simple sugars, amino acids, most proteins and cellulose decompose rapidly (mainly by bacterial action), whilst lignins and some microbial melanins decay slowly, mostly through the action of actinomycetes and fungi (Janssen, 1984; Mary et al., 1996; Stevenson, 1986) .
A direct relationship is known to exist between decomposition rate and initial N or lignin and soluble polyphenols in leguminous litter. High initial N, low C:N, (lignin+polyphenol):N or polyphenol:N ratios generally favour high rates of decomposition of fresh leguminous leaves (Constantinides & Fownes, 1994; Fox et al., 1990; Oglesby & Fownes, 1992; Palm & Sanchez, 1991; Vallis & Jones, 1973) . These biochemical characteristics have been observed to vary with the age of the plants ( Kachaka et al., 1993) , growth conditions (Cotrufo et al., 1994) , and the plant part composition (Xu et al., 1993) . Thus, both plant residues and the nature of the decomposers influence the process to considerable extents (Tian et al., 1992a, b) . As such, nutrient release by organic inputs is expected to differ in extent and pattern.
Previous investigations had been directed mainly at the dynamics of N release and availability during residue decomposition. There is little information on the release patterns and interactions of other nutrients. For instance, understanding the dynamics of P availability in soils amended with organic materials could be important in the overall impact assessment on productivity. So also is that for Ca and Mg which are important in improving the base saturation of acid soils. Furthermore, the efficiency of nutrient transfer from organic inputs to crops could be improved by varying the quality or the timing of the application of organic inputs (Swift, 1985) . Thus more insight into decomposition and nutrient release patterns is required for the overall development of suitable nutrient management practices in low input cropping systems.
Consequently, this study is directed at elucidating the decomposition and nutrient release patterns of fresh Gliricidia sepium leaves under humid tropical conditions.
Materials and methods

Site
A litter bag experiment was carried out at the Puchong experimental site of the Universiti Putra Malaysia. The climate is humid tropical with a mean annual rainfall of 2100 mm. The temperature ranges between 19 and 35.7 • C, with 96.9% relative humidity during the experimental period. Soils are of the Bungor series (Typic Paleudult) in an undulating landform with the following properties at 0-15 cm depth: pH (water, 1:2.5) 4.6, pH (KCl, 1:2.5) 3.6, 4.39 mg kg −1 Bray-1 P, 0.013% N, 1.42% organic carbon, CEC of 5.7 cmol(+)kg −1 and exchangeable K, Ca and Mg values of 0.16, 0.07 and 0.08 cmol(+)kg −1 , respectively.
Experimental procedure
200 g of fresh Gliricidia sepium leaves were placed in plastic litter bags of 30×40 cm dimensions with a mesh size of 5.3 mm, and buried 10 cm in the soil. Four bags were randomly exhumed at intervals of 0, 5, 10, 20, 30, 40, 50, 60 and 70 days after establishment (DAE). After removing adhering soil particles by rinsing in water for 1 min, the leaf samples were oven dried at 70 • C until constant weight. The dried leaves were ground (1 mm) and then analyzed for carbon and nutrient content. Organic carbon was determined by the modified Walkley-Black method (Walkley & Black, 1934) , and total N by steam distillation and titration after digestion with salicylic acid-H 2 SO 4 mixture (Bremner & Mulvaney, 1982) . The following determinations were carried out after ashing at 550 • C (4 h): P was determined by colorimetry (Scheel, 1936) ; K, Ca and Mg by atomic absorption spectrophotometry after diluting with strontium chloride. Initial analysis of leaf samples was also carried out for lignin and polyphenols (Anderson & Ingram, 1989) .
Data analysis
Results were subjected to analysis of variance using the SAS statistical package (SAS, 1985) . Differences between means were compared by the least significant difference (LSD) method at P ≤0.05.
Logarithmic plots revealed that a single exponential model did not give the best fit for dry matter and nutrient loss. Therefore the data was fitted into the following nonlinear double exponential model:
(1) Where M 1 and M 2 are the pool sizes of the fast and slow decomposition phases respectively, k 1 and k 2 their rate constants and e the base of the natural logarithm. M t is the amount of dry matter or nutrients remaining after a period of time t, in days. Linear forms of the two parts of Equation (1) were used to determine the initial size of the two pools as well as their respective rate constants. The point of intersection of the two regression lines generated was regarded as the end of the rapid initial phase and the beginning of the slower one. The time (T m ) corresponding to this point was estimated for each variable. Also T 0 represents the time when the study commenced (0 DAE), and T 70 the time when it ended (70 DAE).
Results
The nutrient concentrations of the fresh leaves were 4.21% N, 0.16% P, 2.65% K, 0.88% Ca, 0.31% Mg, 39.00% C, 2.3% polyphenol and 12.1% lignin. Thus the leaves had a C:N ratio of 9.26, and (polyphenol+lignin):N ratio of 3.42. The rainfall pattern corresponds to a series of wetting and drying cycles in the first phase (up to 40 DAE), after which there were constantly wet periods. A total of 689 mm of rainfall in 30 rainfall events was recorded during the 70 days of incubation. The first 5 days experienced 29 mm of rainfall followed by 5 days of no rainfall. On the 16th day, 72 mm of rainfall was noted, and another 40 mm of rainfall was distributed in the next 10 days, followed by only 12 mm of rain prior to the 40th day of sampling. 63 mm of rainfall was obtained in the subsequent 10 days, with most of it occurring in the last 4 days before sampling on the 50th day. Then 168 mm of rain fell within the next 10 days, and in the final 10 days, 305 mm of rain was recorded.
Generally, dry matter (or carbon) loss and nutrient release occurred through an initial rapid phase followed by a slower one (Figures 1-6 ). The duration of the first phase was 21-29 days for most parameters, whilst that for calcium lasted for 6 days. With the exception of calcium, the rate constant of the fast phase was 5-10 times that of the slow one in the parameters (Table 2) .
Dry matter and carbon
Dry matter and C disappears in two stages, the first consistent with a fast pool (easily decomposable) and a slower pool (Figures 1 and 2) . The fast pool goes in 26-29 days. This corresponds to a total dry matter loss of 40% and about 57% of that of carbon, mostly from the easily degradable pool (∼89%) ( Table 1) . After 70 days, 81% of the carbon and 69% of that of dry matter were lost, with the recalcitrant fractions accounting for only 15-16%. Rainfall appears to have little influence on dry matter loss, and carbon release from this material.
Patterns of nutrient release
Release of N, P and K A rapid release of N, P and K occurred during the initial leaching phase of decay, and this became much reduced afterwards (Figures 3 and 4) . Nitrogen, which is mostly organic and closely associated with C, goes at about the same rate. This showed a C:N release ratio of one wherein C was mostly released as CO 2 , and N as NH + 4 and NO − 3 . The C:N ratio increased in the early stages of the initial phase, and then starts declining at about half-way through onto about 40 DAE (Figure 7) . About half of the N content was released during this fast phase, almost entirely from the soluble pool (94%) ( Table 1 ). This was followed by the slower release of N, with the C:N ratio becoming more or less constant.
Much of the P goes quickly, and this is consistent with results reported by Schroth et al. (1992) . 79% of total P was lost during 70 days of incubation with only 11% from the recalcitrant fractions. Figure 8 shows the C:P ratio giving the same pattern of variation with time as the C:N ratio during decomposition.
Potassium is not associated with C, and is almost entirely lost (95%) in the fast phase, presumably due to leaching out (Figure 3) . A total of 99% of the total K, almost all from the soluble fraction (99.99%), was released during the whole experimental period (70 days). 
Release of Ca and Mg
Over 75% of the total Ca content was released within 6 days, compared to 70% of Mg in 23 days (Figures 5  and 6 ; Table 2 ). Perhaps this difference is unexpected, particularly since both should behave similarly. A release of 91% of the total Ca and 82% of total Mg content were recorded for the entire experimental period. The soluble fraction contributed to the majority of these losses (99.9% for Ca and 96% for Mg). 
Discussion
Nutrient concentration, quality, soil biotic and environmental factors are reported to influence decomposition rates and nutrient release patterns of plant materials (Bargali et al., 1993; Fox et al., 1990; Tian et al., 1992a, b; Vanlauwe et al., 1995) . The fast decomposition rate of the fresh leaves could be attributed to the relatively higher nutrient concentration, especially N (Bargali et al., 1993) . Their succulent nature could also be attractive to soil organisms. The decay and nutrient release rates in G. Sepium are observed to be higher than that reported elsewhere (Budelman, 1988; Yamoah et al., 1986 ). This could be attributed to the fact that in these studies, the materials were applied on the soil surface as opposed to our own case, where they were buried (Read et al., 1985) .
The litterbag method is widely used because it is simple, convenient, cost effective, and believed to be accurate for measuring decomposition rates at the early stage. However, much concern has been expressed regarding the validity of results obtained using litterbags. It is believed that the method leads to an underestimation of decomposition rates (Anderson, 1973) . This is ascribed to finer mesh sizes restricting accessibility to the substrate by soil macrofauna, resulting in insufficient fragmentation and hence reduced microbial attack (Meentemeyer, 1978) . Larger mesh sizes result in the loss of particulate material, presenting enormous difficulties in monitoring exercises. Moreover, modification of the microclimate due to compaction of the material alters the decay rate. Additionally, there is reduced contact between fungal vegetative structures and the confined material (St. John, 1980) . Thus data obtained with litterbags should be interpreted with a lot of caution.
The initial rapid nutrient and carbon release followed by a much reduced rate is consistent with the initial leaching phase in the decomposition process described by other workers (Jama & Nair, 1996; Schroth et al., 1992; Swift et al., 1981) . Nutrient release in this early stage is attributed to physical leaching and microbial action on water-soluble components (Berg & Staaf, 1981; Huang & Schoenau, 1997) . The relatively slower rate of release of nutrients after the leaching phase could be due to the increase in recalcitrant fractions and indicates the dominance of soil fauna in this phase of decomposition (Swift et al., 1979) . This could account for the close relationship between the patterns of nutrient release, and carbon or dry matter loss obtained. The increase in C:N and C:P ratios during the first part of the early phase (Figures 7 and 8 ), is probably due to the presence of higher proportions of soluble fractions in N and P than in C. Despite the C content being about 10 times greater than that of N and 300 times greater than that of P, most is in recalcitrant fractions such as lignin. Therefore release of soluble N and P, together with the respiration loss of C could result in loss of narrow C:N substrates; thus the C:N of the remaining material widens, in this case up to around 10 DAE. Moreover, the leaching conditions in the field probably enhanced the release of N and P. The decline in the ratios observed later could be attributed to cessation of the loss of soluble N and P together with enhancement of C respiration. The latter may be due to increase in the microbial population and also modification of its composition -increase in the proportion of fungi and actinomycetes, for instance. This augments the energy requirements, and results in greater dissimilation of C, probably utilizing part of the C in the more recalcitrant fractions. Consequently, the C:N ratio of the residue narrows. Initial widening of the C:N and C:P ratios is improbable under controlled conditions where leaching is absent. Moreover, the release rates shown are averages over the duration of the particular decomposition phase. Detailed examination of the results reveal that losses in the initial 10 days include, 62% N, 55% P and 45% C of the original contents. By the end of 20 days, no more N was lost, but P release increased to 59% and that of C to 52%. At the end of 30 days, these proportions became 70% N, 70% P and 76% C. Thus there was relatively much greater loss of C compared to N and P, after the initial 10 days of decomposition, hence providing evidence that the release rates were not constant over the duration of the decomposition phase. These trends are consistent with the observations of other workers and were attributed to the rapid decomposition of simple sugars, proteins, and cellulose. This leaves a more recalcitrant substrate that is broken down rather slowly as reflected by the almost constant C:N and C:P ratios obtained beyond 40 DAE (Janssen, 1984) . The increase in resistant matter is partly due to a relative increase in lignification and the synthesis of microbial components more resistant than the original organic material (Stevenson, 1986) .
The fact that nearly all the K was lost in the leaching phase suggests that leaching is the dominant mode of release of K during decomposition. Similar observations have been reported in other studies (Bargali et al., 1993; Schroth et al., 1992; Tian et al., 1992a, b) . This was attributed to the high mobility of K. The rapid loss of Ca and Mg in the early stages is also consistent with the observations of Tian et al. (1992a) . Apparently, leaching of soluble fractions proceeded until a critical minimum concentration ratio of soluble: recalcitrant fraction of 1:1, below which this mechanism becomes less significant (Table 1) . The rapid release of K and Mg could be ascribed to their presence as mobile cations in the cell fluid. Disintegration of cell membranes result in easy leaching from organic materials (Jordan, 1985) . That Mg was relatively slower could be due to it partly occurring as a constituent of more complex molecules -chlorophyll and pectin, for instance. The behaviour of Ca is more complex as it is a constituent of the cell wall and storage crystals (Ca oxalate), it is not expected to be very mobile (Budelman, 1988) . The relative rapid release of Ca could probably be due to comminution and transfer by soil organisms. Hence the inconsistent change in Ca release and the unsatisfactory fit of this data to the double exponential model ( Figure 5 ).
The fact that no pronounced changes occurred in the rates of nutrient release with precipitation suggests that the influence of the latter is minimal above the threshold level that results in leaching (Vanlauwe et al., 1995) . Probably rain events rather than quantity is more important in situations with leaching. As such, frequency of rainfall should be considered when establishing suitable nutrient management systems in the humid tropics to ensure that the minimum soil moisture requirement is achieved.
Conclusion
Nutrient-rich fresh G. sepium leaves release nutrients, especially K and Ca most rapidly. Also incorporation of residues results in more rapid loss of dry matter and nutrients. This has important implications for synchronizing nutrient release with crop uptake in low input cropping systems in the tropics where turnover rates are reportedly high (Jenkinson & Ayanaba, 1977; Jordan, 1985) . As such, split-application of fresh leguminous green manures will control the rapid release of nutrients, and hence results in optimum uptake and utilization. Also the release of Ca and Mg could be important in reducing Al toxicity in acid soils. As such, investigation of methods of maximizing this potential in highly weathered soils of the tropics is desirable.
In addition, climatic factors such as frequency of rainfall should receive much more consideration when these materials are used as mulches than when incorporated into the soil in humid tropical conditions.
